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Chromosomal instability (CIN) is an important marker of cancer, which is closely

related to tumorigenesis, disease progression, treatment efficacy, and patient

prognosis. However, due to the limitations of the currently available detection

methods, its exact clinical significance remains unknown. Previous studies have

demonstrated that 89% of invasive breast cancer cases possess CIN, suggesting

that it has potential application in breast cancer diagnosis and treatment. In this

review, we describe the two main types of CIN and discuss the associated

detection methods. Subsequently, we highlight the impact of CIN in breast

cancer development and progression and describe how it can influence

treatment and prognosis. The goal of this review is to provide a reference on its

mechanism for researchers and clinicians.
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1 Introduction

There are two types of genetic instability (GI). The first instability occurs at the nucleotide

level and is caused by mismatch-repair gene mutations. Its hallmark feature is the

microsatellite instability (MIN), which can increase the frequency of point mutations or

small fragment insertions/deletions. The second instability occurs at the chromosomal level,

and it is defined as chromosomal instability (CIN). CIN is ubiquitous in cancer and a driving

factor of tumor heterogeneity, and its existence and extent have a great impact on treatment

efficacy and patient prognosis (1). Tumor cells with CIN are more likely to adapt to changes

in the microenvironment, which is conducive to tumor cells escaping innate immunity,

promoting metastasis, and developing drug resistance (2). CIN involves the activation of the

CGAS–STING pathway, which promotes metastasis (3). Furthermore, CIN cell subsets exist

in most types of breast cancer (4), and CIN is associated with poor prognosis (5). However,

some studies have observed that extensive CIN makes it difficult for breast cancer cells to

adapt to the tumor microenvironment, and such patients have a better prognosis (6).

Therefore, the relationship between CIN and breast cancer requires further investigation.
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fonc.2023.1067735/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1067735/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1067735/full
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2023.1067735&domain=pdf&date_stamp=2023-02-16
mailto:caowm@zjcc.org.cn
https://doi.org/10.3389/fonc.2023.1067735
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2023.1067735
https://www.frontiersin.org/journals/oncology


Liao and Cao 10.3389/fonc.2023.1067735
2 Overview of chromosomal instability

2.1 Definition and types of
chromosomal instability

Chromosomal instability refers to the increase in the frequency of

gaining or losing whole chromosomes or chromosome segments

during chromosome separation (7), leading to changes in

chromosome number and structure. There are two types of CIN,

namely numerical chromosomal instability (NCIN) and structural

chromosomal instability (SCIN) (Figure 1A). NCIN refers to the gain

or loss of an entire chromosome or chromosome set (8), while SCIN

refers to the change of chromosome segments through deletion,

amplification, translocation, rearrangement, or inversion (9).
2.2 Mechanism of chromosomal instability

When chromosomal segregation is disrupted, NCIN usually

results (10). Chromosomal mis-segregation is characterized by sister

chromatid condensation dysfunction, spindle assembly checkpoint

(SAC) destruction, overly stable kinetomere-microtubule attachment,

centrosomal aberrations, and cell division dysfunction (11)

(Figure 1B). The overexpression of SAC genes (e.g., BUB1, BUB1B,
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CDC20, MAD1, MAD2L1, TRIP13, and TTK) in breast cancer leads to

checkpoint over-activation and mitotic slippage, which halts cells in

mitosis and promotes entry into the G1 phase of the next cell cycle in

the absence of cytokinesis and polyploidy, thereby promoting CIN

(9). In addition, overexpression of TPX2 (a mitotic regulator involved

in the formation of mitotic spindles) and overexpression of UBE2C

which can ignore the detection signal of mitotic spindles, both of

them can induce CIN (12, 13).MYC overexpression also leads to CIN

by delaying the mitotic process (14). Centrosomal aberrations,

including centrosomal amplifications (CA), structural defects, and

loss of primary ciliated nuclei, which all lead to CIN (15), are also

common in breast cancer. For instance, CA has been reported in

≥75% of breast cancer cases (16). Many proteins that control

cytokinesis in breast cancer (e.g., AURKA, AURKB, BRCA2, CEP55,

FOXM1, and KIF20A) are often mutated or overexpressed, leading to

cytokinesis failure and tetraploid binucleated cell formation (11).

SCIN is more likely to occur when telomere dysfunction (e.g.,

telomere shortening), defective DNA damage responses, replication

stress, and DNA double-strand break (DSB) repair errors occur (4, 7,

11, 15) (Figure 1B). The faulty repair of DSBs can be caused by

mutations in DNA repair genes, such as BRCA1 and BRCA2, and the

activation or overexpression of oncogenes, which can lead to

chromosomal translocations, duplications, and deletions (17, 18).

Translocation can form oncogenes in the form of fusion genes (19).

For instance, the ETV6–NTRK3 oncogene promotes the occurrence of
FIGURE 1

Chromosomal instability (CIN) in cancer characteristics. (A) Numerical chromosomal instability (NCIN) results in an abnormal chromosome number.
Structural chromosomal instability (SCIN) refers to gain or loss of chromosome fragments or chromosomal rearrangements, resulting in deletions,
amplifications, translocations, and/or inversions. (B) Mechanisms contributing to defects in CIN.
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breast cancer by activating the AP1 complex (4). It was recently

demonstrated that the APOBEC3B gene is highly expressed in breast

ductal carcinoma in situ, which induces replication stress through

incomplete DNA replication and CIN (20). In addition, the low

methylation of the centromere comprised of satellite a repeats can

result in the high expression of satellite a transcription factors, which

increases the copy numbers of breast cancer chromosomes 8q and

20q and causes CIN (21).

Despite their apparently distinct mechanism, it is worth

mentioning that both NCIN and SCIN often coexist in tumors (7).

NCIN can induce SCIN and vice versa (22). In addition, the two types

of CIN also have different consequences (23). For example, NCIN

often leads to DNA damage and p53 activation, while SCIN often

leads to chromothripsis etc, which further aggravate GI (7). In terms

of drug therapy, SCIN is more sensitive to chemotherapy and prone

to drug resistance to afatinib, lapatinib and austocystin D, while

NCIN is more sensitive to radiotherapy and prone to drug resistance

to BRAF inhibitors (22). The differences in various aspects between

these two types of CIN suggest that it is necessary to refine CIN.

Different research methods and treatments may be used for different

types of CIN.
3 Methods of chromosomal
instability detection

Despite the importance of CIN in breast cancer, it cannot be

routinely detected in clinic due to technical shortcomings (24).

Although most studies still detect CIN by traditional detection

methods, such as comparative genomic hybridization (CGH), single

nucleotide polymorphism (SNP) array, polymerase chain reaction

(PCR), and flow cytometry, these methods are not excessively

accurate. Because these methods employ cell population-based

averaging to identify gene copy number changes within samples,

and exactly equate these findings with CIN (25). But even so, the

NCIN or SCIN score obtained by the above methods is still a fairly

good proxy measures for CIN, because CIN results are often

numerical or structural changes that can be easily detected by the

above methods. However, many scholars are still searching for more

precise detection methods. Geigl et al. (26) reported that CIN can be

accurately detected by tracking the number of chromosomes in a

single cell and its progeny, or quantifying the intercellular

heterogeneity of chromosomal changes within a cell population at a

specific time point on the premise that CIN drives karyotype

heterogeneity. These methods can include live-cell or transgenic

chromosome labeling approaches such as the fluorescent labeling or

manipulation of chromatin-associated proteins, manipulation of

reporter systems, fluorescent labeling of artificial chromosomes, and

modification of gene-editing systems. Cytogenetic methods, including

karyotyping, fluorescence in situ immunohybridization (FISH),

spectral karyotyping (SKY), and multibanding (M-banding)

techniques can also be employed. In addition, quantitative

microscopy and cytometry can also be applied, as well as single-cell

comparative genome hybridization, single-cell whole genome

sequencing, and single-cell copy number variation analysis (1, 9).

The advantages and disadvantages of these methods, in addition to
Frontiers in Oncology 03
representative examples of their clinical and research applications can

be found in the review (25).

Besides, Xu et al. (24) proposed a deep learning model to detect

CIN in breast cancer, which applied histopathology (i.e.,

hematoxylin–eosin stained sections) and genomic aneuploidy

loading methods to estimate the extent of CIN. This approach

combined computer technology with pathology, with a sensitivity

and specificity of 81.2% and 68.7%, respectively. However, this

approach only approximated the extent of CIN in some regions of

the tumor and failed to provide important information on

spatial heterogeneity.

Next-generation sequencing (NGS) provides a new approach for

evaluating CIN. For instance, low-pass whole gene sequencing

(LPWGS) (27) has been applied in the field of prenatal diagnosis.

Wells et al. (28, 29) used this method to detect copy number changes

in human embryonic cells, with a sensitivity and specificity of 100%.

This method can reflect the changes of the whole genome with high

efficiency and low cost, but the disadvantage is that high quality

specimens are required. Low-pass whole gene sequencing can also be

used to assess the extent of CIN in tumors by detecting plasma-free

DNA. This non-invasive method allows clinicians to track

chromosomal changes, and it has been recently used to study

triple-negative breast cancer (TNBC) (30, 31).

In addition, there are many indirect methods to assess the extent

of CIN such as micronucleus assay (32, 33), human artificial

chromosome detection (34), CA20 detection (35), and CEP17 copy

number determination (36).
4 Chromosomal instability and breast
cancer cell proliferation and metastasis

Ben-David et al. (37) demonstrated that CIN-induced aneuploidy

can either promote or inhibit the proliferation of breast cancer cells,

but the mechanism is unknown. Santaguida et al. (38) reported that

the promotion or inhibition of cell proliferation may be related to

gene copy number changes, proteotoxicity induced by aneuploidy,

and P53 activation caused by chromosomal mis-segregation. David

et al. (39) found that copy-number amplification of core regulators,

including TPX2 and UBE2C, might regulate proliferation of high CIN

tumors by regulating CIN-specific gene expression modules. The

kinesin KIF18A regulates microtubule dynamics in spindles to enable

proper chromosomal alignment. Recently, Marquis et al. (40) revealed

that KIF18A may be essential for the proliferation of breast cancer

cells with CIN. The knockdown of KIF18A significantly inhibited the

proliferation of a breast cancer cell line, but showed no effect on the

extent of CIN. These findings can be explained by the fact that the

spindle microtubule polymerization rate increased and kinetochore

microtubule turnover changed in cells with CIN, which may have

enhanced the dependence on KIF18A function to inhibit microtubule

growth. In the absence of KIF18A activity, kinetomere–microtubule

attachment and centrosomal integrity are impaired, thereby resulting

in mitotic prolongation and centrosomal fragmentation without the

ability to complete mitosis and cell death.

Several studies have reported that the extent of CIN in metastatic

breast cancer was higher than that in primary breast cancer (41),
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indicating that CIN is associated with metastasis (42). However, it is

unknown whether CIN is a concomitant factor or a driving factor of

breast cancer metastasis. Some researchers believe that CIN is a “by-

product” of tumor progression, at which time tumor cells can lose or

gain chromosomes, while other investigators contend that CIN is a

feature of early-stage cancer that leads to the loss or inactivation of

tumor suppressor genes (19). Cancer cells with CIN are more adaptable

and capable of metastasizing due to extensive genetic changes (43). For

instance, the loss of heterozygosity on chromosome 8p results in the

downregulation of 8p localization genes (ASAH1, FDFT1, LEPROTL1,

EPHX2, or BNIP3L), leading to the upregulation of genes in mevalonate

and fatty acid metabolism pathways. When lipid metabolic processes

are disrupted in the breast cancer cell line MCF10A, the activities of

small GTPases, such as RHO, RAC, and RAS, are increased, which

promotes invasion and metastasis (8, 44). The amplification of

chromosome 1q21.3 is common in breast cancer, with an incidence

of 10%–30% in primary lesions and more than 70% in recurrent and

metastatic lesions. The amplification of this chromosome leads to

aberrant gene expression, which is related to metastasis (30). Genetic

changes can also promote CIN. For instance, SCIN induced by the

fusion of estrogen receptor 1 (ESR1) with PCDH11X (encoding a cell

adhesion protein) or YAP1 (encoding a YES1-related transcriptional

regulator) can induce epithelial-mesenchymal transition (EMT) of the

breast cancer cell line T47D (45). Furthermore,MASTL overexpression

induces CIN and promotes metastasis (46). Mutations in TP53 (47),

PTEN (48), andMYC (49) can also induce CIN, with the mutation rate

in metastatic breast cancer being higher than that in primary breast

cancer (42).

Bakhoum (3) et al. performed in vivo and in vitro experiments

showing that CIN was the driving factor of breast cancer metastasis

through the formation of micronuclei, which were caused by

chromosomal segregation errors, and the breakdown of

micronuclei, which induced genomic DNA entry into the

cytoplasm. The activation of the cGAS–STING (a cGMP-AMP

synthetase stimulator of the IFN gene) cytoplasmic DNA sensing

pathway and downstream non-classical NF-kB signaling pathway

promoted the expression of inflammatory and EMT genes required

for metastasis. More importantly, the authors demonstrated that the

inhibition of CIN significantly delayed metastasis, while persistent

segregation errors promoted cell invasion and metastasis, thus

establishing a causal link between CIN and metastasis.

In summary, CIN can lead to metastasis at multiple levels. CIN

caused by gene variation occurs randomly, so there is heterogeneity

within tumors. Some types of CIN can cause changes in specific genes

and promote metastasis. In terms of immunology, there is no need for

CIN to cause special gene variations. According to the present study,

as long as thers is CIN, metastasis can be facilitated, but this is highly

correlated with the extent of CIN.
5 Chromosomal instability and breast
cancer prognosis

CIN is associated with poor prognosis of breast cancer (41). This

can be explained by the fact that tumor heterogeneity caused by CIN

produces subclones that are more aggressive and likely to metastasize,
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thereby promoting tumor progression (1). Studies have demonstrated

that CIN is an independent prognostic factor for breast cancer (HR =

3.563 P = 0.005) (50). Birkbak et al. (51) conducted a retrospective

analysis of 2125 breast cancer patients from 13 studies and reported

that the extent of CIN of ER-/HER2- breast cancer was significantly

higher than that of ER+ breast cancer, and the extent of CIN of basal

cell-like breast cancer was the highest (52), indicating that CIN is a

manifestation of high-risk breast cancer subtypes. Goh et al. (30)

observed that S100A7/8/9, which was encoded by the 1q21.3

amplification region, formed a regulatory loop with IRAK1 to drive

tumor growth, chemotherapy resistance, and metastasis, which were

associated with tumor recurrence and poor prognosis. In 2018, Stover

et al. (31) first reported that the incidence of cfDNA CNVs in triple-

negative breast cancer patients was 96.3% by LCWGS, which was

significantly associated with breast cancer survival (median survival

15.9 months in the low-abundance variant group and 6.4 months in

the high-abundance variant group). Copy number variations were

also an independent prognostic factor (HR = 2.14, P < 0.001). Further

studies showed that, compared with patients without metastases,

patients with metastatic TNBC had higher amplification rates of

18q11 and 19p13, and shorter survival times than patients with

amplifiable TNBC (HR = 3.3, P = 0.012). Liu et al. (53) observed

that the 17q23 amplification occurred in approximately 11% of breast

cancer cases, and in HER2+ breast cancer, the 17q23 amplification

was significantly associated with poor prognosis. Lee et al. (36)

examined 534 cases of invasive breast cancer and reported that

patients with extensive CIN had significantly shorter disease-free

survival (P = 0.002), while Mo et al. (50) used LPWGS on cfDNA

specimens from 65 patients with metastatic breast cancer to obtain

the CIN scores and observed that patients with extensive CIN had a

shorter survival time. In addition, the amplification or overexpression

of CCND1, FGF4, and FADD at the 11q13.3 locus was closely

associated with shorter recurrence-free survival (HR = 1.16,

P < 0.05; HR = 0.72, P < 0.05; HR = 1.59, P < 0.05) (54).

However, the results of other studies were contradictory to those of

the above studies. Birkbak et al. (51) observed that 265 triple-negative

breast cancer patients with extensive CIN had a better prognosis (P =

0.021), and as the CIN level increased, the recurrence risk decreased and

the survival time increased. Jamal et al. (55) analyzed 1173 breast cancer

patients enrolled in the TACT study and reported that extensive CINwas

associated with better prognosis in patients with ER-/HER2- breast cancer

(P = 0.03 and 0.007, respectively), indicating that CIN is a good

prognostic marker of breast cancer.

These findings indicate that there is no simple relationship

between CIN and patient prognosis. Tumors with high cell

proliferative and metastatic ability show a certain degree of CIN,

while extensive CIN may disrupt genomic instability to the point of

non-repair, which is not conducive to tumor growth.
6 Chromosomal instability and
therapeutic efficacy

CIN has been applied to predict the sensitivity and resistance of

anti-cancer drugs, such as anthracyclines and taxanes, and

individualized treatments (56, 57). In 2010, Bartlett et al. (58)
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reported that HER2+ breast cancer patients with moderate CIN were

more sensitive to treatment with taxanes, while patients with

extensive CIN were more sensitive to treatment with anthracyclines

and platinum-based drugs. Unfortunately, the mechanisms were not

investigated. Vargas et al. (59) demonstrated that ER+/HER2- breast

cancer patients with moderate CIN were more sensitive to treatment

with taxanes and anthracyclines than ER-/HER2-, ER-/HER2+, and

ER+/HER2+ cell lines with moderate CIN, suggesting that the clinical

significance of CIN in predicting treatment efficacy is different for

different subtypes of breast cancer. Furthermore, the authors

concluded that there was a threshold for CIN beyond which

resistance or sensitivity to treatment can occur, and that this

threshold depended on the status of ERa and HER2, although these

findings remain to be validated in a prospective study of patients with

defined tumor stage and treatment history. In 2021, a study of 131

TNBC patients who were treated with carboplatin demonstrated that

patients with high CIN had a shorter PFS than patients with low and

moderate CIN [3.4 months versus 5.7 months, P = 0.027] (60).

Furthermore, Scribano et al. (61) observed that paclitaxel at

therapeutic concentrations could induce multipolar spindle

formation rather than mitotic arrest. In this study, paclitaxel

promoted the multiple stages of spindle formation, thereby

increasing chromosomal segregation errors in cancer cells and

causing cell death. In addition, breast cancer cell lines with

extensive CIN are more sensitive to paclitaxel treatment. By

upregulating MAD1 or downregulating CENP-E, the extent of CIN

can be increased and the sensitivity of cells to paclitaxel can

be improved.

CIN can improve drug sensitivity, but it can also initiate drug

resistance. In 2017, Wein et al. (62) reported that CIN and the tumor

heterogeneity caused by CIN were the causes of chemoresistance of

TNBC. Subsequently, Lukow et al. (63) demonstrated that extensive CIN

and its resulting multiple karyotypes of breast cancer cells could drive

stress adaptation and promote drug resistance. Similarly, Ippolito et al.

(64) observed that GI increased karyotype heterogeneity, reduced the

proportion of favorable karyotypes for the survival of normal cells, and

increased the proportion of favorable karyotypes for the survival of tumor

cells, thereby leading to drug resistance. Other studies revealed that

cancer cells may employ gene copy number changes, especially induced

repetitive karyotype changes, to selectively survive chemotherapy and

other stresses and to gain drug resistance. Zhou et al. (54) observed that

the 11q13.3 amplification was detected in 14.6% of invasive breast cancer

cases, and it was often detected in luminal B breast cancer. CCND1, an

oncogene at the 11q13.3 locus and it’s products have been reported to

drive cell proliferation, angiogenesis, and drug resistance; CCND1, FGF

expression (mainly FGF3/4/19), and FADD overexpression or co-

expansion, which was negatively correlated with CD4+ T cell number

and dendritic cell infiltration, suggesting that its expansion may reduce

immune activity in breast cancer cells. These results also suggest that the

11q13.3 amplification may be a key factor in the development of drug

resistance in breast cancer. For instance, Mo et al. (50) reported that gene

mutations on chromosomes 8 and 17 were frequent in metastatic breast

cancer patients with drug resistance (P = 0.010 and 0.051, respectively),

whereas gene deletions on chromosomes 9 and 7q were associated with

drug resistance (P = 0.039 and 0.021, respectively). Gomes-Miragaya et al.

(65) observed that breast cancer patients with TNBC/BRCA1 mutations

and resistance to docetaxel often had the 12p amplification. However, it is
Frontiers in Oncology 05
unclear whether the 12p amplification existed before docetaxel treatment,

and if it did, then the 12p amplified tumor cell subsets would have also

increased after docetaxel treatment or resistance. In addition, the 12p

amplification enhanced the sensitivity of tumor cells to carboplatin, and

sequential use of docetaxel and carboplatin could improve the survival

rate of patients with TNBC/BRCA1 mutations.

CIN cannot only improve the sensitivity of cancer cells of drugs,

but also render cancer cells resistant to drugs, a phenomenon that has

been observed in several studies. CIN is characterized by

heterogeneity, leading to differences in study results, indicating that

the relationship between the extent of CIN and the efficacy of

treatment requires further investigation.
7 Chromosomal instability-targeted
strategies for breast cancer treatment

CIN is an independent prognostic factor of breast cancer that is also

related to drug sensitivity. Therefore, methods that can alter the extent of

CIN are expected to become new treatment strategies for breast cancer

(19). Although there is no specific drug to inhibit chromosomal

segregation errors in clinical practice (52), proteins regulating the

extent of CIN are potential therapeutic targets. For example, the

overexpression of MASTL can disrupt desmosome function, actin

cytoskeleton dynamics, and PI3K/AKT/mTOR and P38 stress kinase

signaling pathways, as well as promote CIN in breast cancer (46). By

contrast, the inhibition of MASTL can induce mitotic disorders and kill

breast cancer cells by activating protein phosphatase 2A (66). The protein

KIF18A is essential for CIN during the proliferation of cancer cells.

Interestingly, the knockout of Kif18A inmice only showedminor defects,

indicating that KIF18A may be a safe and an effective therapeutic target.

Patients with advanced tumors have been treated with KIF18A inhibitors

(40). In addition, ENPP1 is upregulated in cancer cells with CIN. This

protein, which is localized on the cell membrane, can degrade cGAMP, a

signaling molecule that can stimulate the immune response. When

extracellular cGAMP is degraded, immune cells cannot recognize

cancer cells, indicating that it may also be a safe and an effective

therapeutic target (67).An interesting new finding is that the

chemotherapeutic drug resistance-inducing gene CKS1B, a cell cycle

progression gene, is closely related to S-CIN and is considered as a

novel drug target (25).Lastly, pactinib has clinical significance in breast

cancer because it can block the phosphorylation of IRAK1 and JAK2 by

targeting the 1q21.3 amplification, which feedbacks to improve the

sensitivity of cells to pactinib (30).
8 Conclusion

CIN drives intra-tumoral heterogeneity, which has a profound

impact on the occurrence and development of breast cancer,

treatment efficacy, and patient prognosis. With advances in

detection technologies, it is possible to gain a deeper understanding

of genomic changes and CIN levels in tumors. However, there is a

paradoxical relationship between CIN extent, treatment efficacy, and

patient prognosis, and further studies are needed to develop new

therapeutic strategies aimed at improving the prognosis of breast

cancer patients.
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